The aim of the work was to report morphological changes which occur in the shoot apex during the morphogenetic switch to flowering in the model long day (LD) plant, Sinapis alba. During the floral transition induced by 1 LD the growth rate of all components of the shoot apex is modified profoundly. The earliest changes, detected at 24 h after start of LD, include a decrease in plastochron duration and an increase of growth of leaf primordia. One day later, the meristem dome starts to increase in volume, apical internodes have an increased height and there is a precocious outgrowth of axillary meristems. All these changes precede initiation of flower primordia, which starts at about 60 h after the start of LD. Later changes include meristem doming, a decrease in the plastochron ratio and a shift to a more complex phyllotaxis. All the changes, except the decreased plastochron ratio, are characteristics of an apex with an increased tempo of growth. The stimulation of longitudinal growth (height of apical internodes) is more marked and occurs earlier than the reduction of radial growth (plastochron ratio).
Introduction
The apical meristem of the photoperiodic species, Sinapis alba, can be switched from vegetative to reproductive growth by exposure of 2-month-old plants to a single long day (LD). Examination of anatomical sections has shown that at the start of the LD this meristem is producing leaves and continues to do so for about 40 h (Bernier et al., 1967) . Its morphogenetic activities then cease for about 1 d and resume around 60 h after the start of the LD by the initiation of the first flowers of the terminal raceme (Bernier, 1989) . The progress of individual plants of a population through this developmental transition occurs in excellent synchrony, and thus such a system offers opportunities to study in detail a morphogenetic switch in a higher plant.
In the past, the S. alba system has been used essentially to describe the temporal sequence of a number of biochemical and cellular changes occurring in the transitional apices (see the reviews of Bernier et al., 1981; Bernier, 1989) . So far, changes occurring in this system at a higher level, namely the morphological level, have not been described precisely. The aim of the present work was to fill this gap. Questions to be answered were: What are the growth changes occurring? How important are they? Where and when do they occur?
Materials and methods
Plants of S. alba L. were grown from seeds in the following controlled environment: day and night temperature 20 °C; illumination exclusively by fluorescent while light (Phytor CRHLg tubes); irradiance 160 ixmo\ m" 2 s~' at the level of the top of the plants; daylength 8 h (08.30-16.30 h). Apical 5 mm buds of these short-day (SD) grown plants were collected at 08.30 h on days 63, 64, 65, 66, and 68. On day 63, some of the plants were exposed to one 22 h LD, and the next day were returned to SD. Light quality and intensity during the LD were the same as during the SD. Start of this LD was the 0 time. Buds of these plants were collected at 8.30 a.m. on days 64, 65, 66, and 68, i.e. 24, 48, 72 , and 120h after start of the LD, respectively. For each collected bud, the total number of leaves present on the stem below the excision level was counted. Dissection of apices 2 weeks after the LD showed that all plants subjected to this LD had initiated flowers whereas all plants kept continuously in SD had stayed vegetative. The experiment was done twice at a 5-year interval with similar results. The collected buds were fixed and embedded as described previously (Bernier et ai, 1967) . Nine buds were cut longitudinally in 5 ^m-thick sections ( Fig. 1) whereas nine other buds were cut transversely in 10/xm-thick sections (Fig. 3) . All sections were stained with haematoxylin.
In each longitudinally-cut bud, the following parameters were determined using the section most median to the meristem axis: (a) the width and height of the apical meristem as shown in Fig. 2 . The meristem in 5. alba is dome-shaped and its volume, V, considered as a part of a sphere, was calculated as where R and h were the radius (width/2) and height of the dome, respectively; (b) the apical angle 20, i.e. the angle of the cone tangential to the whole apical zone (Fig. 2) . Fig. 2 . Tracing of the longitudinal section of Fig. 1 showing the way the width w and height h of the apical meristem and the angle 2fl of the apical cone were measured. The width was the line joining the axils of the last two formed appendages and height the line normal to the width passing through the meristem at its summit.
In each transversely-cut bud (Fig. 3) , the following parameters were determined: (a) the numbers of leaf and/or flower primordia present; (b) the height of the three last-formed leaf primordia, determined from the number of 10 ^m sections in which each of these primordia was visible; (c) the length of the seven youngest internodes, determined from the number of 10 ^m sections separating the meristem tip epidermis and the upper level of the physical junction between the stem and each of the eight youngest leaves; (d) the level of the first leaf axil (starting from the meristem tip) having a morphologicallydistinct axillary meristem. Axils that were said to have an axillary meristem exhibited a well-delineated axillary meristematic zone as shown in Fig. 4 . This did not mean that some upper axils did not show the initial signs of cell activation, but this was difficult to detect in transverse sections; (e) the direction of the spiral joining the successively formed leaf or flower primordia, i.e. the genetic spiral; (f) the divergence angles between the eight last-formed leaf and/or flower primordia (Fig. 4) ; (g) the plastochron ratios r or ratios of successive radii of the eight last-formed leaf and/or flower primordia (Fig. 4) . Data in Tables 1-4 are given with their standard errors.
Results

Size and shape of the apical meristem
Volumes of apical meristem, computed as explained above, are shown in Table 1 . Standard errors on these data are important. This is because the height and radius of the meristem were measured in longitudinally-cut buds and, since phyllotaxis in Sinapis is spiral, each individual meristem was cut in a random plane relative to minimal, intermediate and maximal area. The meristem started to increase in size at 48 h after the start of the inductive LD. A maximal volume was reached at 72 h. Parallel to this increase in volume, the meristem became more domed, as indicated by a greater increase in height relative to width (see the height x 10/width ratio in Table 1 ). However, this change in shape was first detectable only 1 d later than the increase in size, i.e. at 72 h.
Rate of appendage production
As explained in Materials and methods, leaves present on each plant below the collected apical bud were counted. This figure was added to the number of leaf and flower primordia present in transverse sections of each apical bud. This gave the total number of appendages produced per plant since sowing (Table 2) , from which the total increment of appendage number and increment of appendage number per day, relative to 0 time, could be calculated (Table 2 ). These data show that there was considerable variation in the rate of leaf formation between different batches of SD-grown plants, with increments of appendage number per day relative to 0 time varying from 0.2 to 0.6. A similar situation was found again when this experiment was repeated.
Despite this variability, examination of the data in Table 2 indicated that the rate of appendage production was markedly accelerated by floral induction. This stimulation was already seen 24 h after start of the LD. However, this increase was most apparent and only significantly different (at the 95% level of Student's /-test) from 72 h after start of LD, i.e. when flower primordia were being initiated.
In plants kept continuously in SD, 2.8 leaves were produced during the 120 h experimental period, giving an average plastochron duration P of 1.8 d. This value was in good agreement with the P values of 2.2-2.3 d obtained, for each SD batch, by dividing the age of plants (in days since sowing) by the total number of leaves produced ( Table 2 ). The dramatic decrease in P duration in induced plants is illustrated by the observation that, in these plants, 5.7 flowers were produced during the 72-120 h time interval (Table 2 ), indicating that P in these plants had dropped down to 8.4 h.
Height of leaf primordia
After their initiation, leaf primordia grew straight for a short period of about two plastochrons after which they started to curve and overarch the meristem because their abaxial side grew faster than their adaxial side. Height of these primordia could be estimated accurately in transverse sections only during their initial period of straight growth.
The height of the second and third youngest leaves, numbered from the tip of the apical meristem, is shown in Fig. 5 (the height of the first youngest leaf was so inconspicuous that it could not be measured accurately). In non-induced plants, these two primordia had a height of 24-28 and 69-76 /xm, respectively, at all collection times (data not shown for 72 and 120 h). In LD-induced plants, at 24 and 48 h, the height of these primordia increased, although these increases were statistically significant only at 48 h. Measurements at later times in induced plants were impossible since the production of additional leaves stopped after 40 h following the start of the LD (see Introduction).
Length of youngest internodes and apical angle
The distance separating the meristem surface and the upper level of the physical junction between the stem and each of the eight youngest leaves was measured. The figures for the total length of the seven youngest inter- nodes (plus meristem dome height) are shown in Table 3 . It appeared that this length started to increase in induced plants at 48 h. Inspection of data for length of individual internodes indicated that this initial increase did not occur in the three youngest internodes just below the meristem, but essentially in the older apical internodes (data not shown). A similar observation was made in Silene coelirosa during the floral transition (Lyndon, 1987) . In induced plants, during the 48-72 h time interval, all apical internodes increased in length. The axis length of the nascent inflorescence was 40.0 ± 4.6 ^m and 91.4 + 8.0 ^m at 72 and 120 h, respectively. In induced plants, the apical angle 20 started to decrease at 48 h after the beginning of the LD and fell dramatically during the next 3 d (Table 1 ). This decrease was presumably the result of the increased elongation of the meristem (doming) and of the apical internodes in these plants.
Axillary meristem initiation
An axillary meristem was usually first detectable in apical buds of control plants only at the axil of the 8-9th leaf primordium from the top (Table 3 ). In buds of plants subjected to the LD, there was a dramatic precocious outgrowth of axillary meristems which appeared in the axil of the 7th leaf from the top at 48 h and in the axils of all leaves, including the last formed one, at later times. The fate of these axillary meristems in induced plants differed depending of their position on the stem. In 15% of the plants, the meristems located in the axils of the two uppermost leaves gave rise each to a secondary inflorescence (coflorescence or paraclade). In 45% of the plants, only the meristem located in the axil of the uppermost leaf gave rise to a secondary inflorescence, whereas in the remaining 40% of plants all axillary meristems gave vegetative shoots only. Thus, exposure to the LD caused formation of three inflorescences-one terminal and two secondaries-in 15% of plants, two inflorescences-one terminal and one secondary-in 45% of plants and only one terminal inflorescence in 40% of plants.
Plastochron ratio, primordium area and meristem relative growth rate
The plastochron ratio r was remarkably constant in plants kept in SD as well as during the first 2 d following start of the LD (Table 3) . At later times in plants induced by the LD, r decreased significantly and this drop was found not only for the floral plastochrons, but also for the last 2-3 vegetative plastochrons (data not shown). For the particular plastochron separating the last leaf and the first flower, r was strikingly higher than all the values recorded in Table 3 . It reached 1.34 ±0.07 and 1.30 ±0.08 at 72 and 120 h, respectively. These high values were probably the consequences of the increase in meristem width during the relatively long plastochron separating initiation of the last leaf and first flower (see Introduction).
In the case of a dome-shaped meristem, like the S. alba meristem, the actual area of a leaf or flower primordium on the apical surface relative to the transverse area of this meristem was given by 2 log^/sin 9, where r was the plastochron ratio and 9 half the apical angle (Richards, 1951; Lyndon, 1978) . As seen in Table 3 , this parameter did not change much at the floral transition. The absolute area of primordia at initiation was calculated using Richard's formula nR 2 x 2 loge r/sin 9, where R was the meristem radius (Lyndon, 1978) . Results of these computations (Table 4) did not reveal any major change of this parameter in response to an inductive LD. All values for induced plants, except at 48 h, were in the same range as those for control plants. The significance of the higher value obtained in induced plants at 48 h is not known.
The data for r also allowed a calculation of the relative growth rate (RGR) of the meristem in the region of primordial initiation. This RGR expressed per plastochron is given by 3 log^/sin 9 (Lyndon, 1978) . Data in Table 4 indicated that the RGR increased at 48 h in induced plants and then decreased below the values observed in control plants. Data for RGR expressed per day would be more meaningful since it was inferred above from the observations of Table 2 that plastochron duration P decreased considerably in induced plants. However, because of the variability between different plant batches, exact values of P could not be reliably calculated from the data of Table 2 . Knowing that meristem RGR per day is given by the RGR per plastochron (Table 4) x \/P and that P decreased much in induced plants, it might be inferred that RGR per day was markedly stimulated in the meristem of plants exposed to the LD.
Phyllotactic parameters
The S. alba shoot displayed a spiral phyllotaxis both during the vegetative and reproductive phases of morphogenesis (Fig. 3) . The direction of the genetic spiral of half the plants (51.9% of a population of 81 plants examined in this study) was clockwise and that of the other half counterclockwise. The direction of this spiral remained unchanged when the apical meristem shifted from leaf to flower formation.
The divergence angle between successive appendages, whether they were leaves or flowers, was always nearly equal to 138° (Table 4) , close to the Fibonacci angle of 137°5. This was also true for the angle between the last leaf and the first flower.
The plastochron ratios of Table 3 could be used to calculate the phyllotaxis index PI= 0.379-2.3925 log 10 log 10 r (Richards, 1951; Williams, 1975) . The figures for PI (Table 4) were all close to 2.8-2.9 in SD-grown plants as well as in induced plants at 24 and 48 h. PI then rose progressively to 3.96 in induced plants at 120 h. From these results, it might be inferred that when shifting to flower formation the phyllotaxis, while remaining spiral, became more complex than during the process of leaf formation in SD and in LD (Richards, 1951) .
Discussion
During the floral transition in S. alba, the apical growth pattern is profoundly modified, and the form of the apical part of the plant changes accordingly. Growth changes are detected in all apex components, including the meristem dome, leaf primordia, apical intemodes and axillary meristems, and each individual change starts at a particular time during the floral transition (Table 5) . The earliest changes, already observed at 24 h after start of the inductive LD, are increases in the rate of leaf production and growth of leaf primordia. These early events are presumably related to the increase in mitotic activity recorded in both the meristem dome (Bernier et al., 1967) and leaf primordia (Kinet et al., 1979) at the same time. One day later, at 48 h, both the size of the meristem dome and the length of apical intemodes start to increase and precocious outgrowth of axillary meristems starts to be observed. All these changes clearly precede the initiation of the first flower that occurs around 60 h after start of the LD. Later changes, at 72 h, include meristem doming, i.e. a greater increase in its height relative to its width, a decrease of the plastochron ratio and an increase of the complexity of phyllotaxis. Except for the decrease of plastochron ratio, it is noteworthy that all the recorded changes are characteristics of an apex with an increased tempo of growth.
All these changes in apical growth have been already described individually in one or another species where the vegetative apical meristem is converted into an inflorescence meristem (see literature reviews by Bernier et al., 1981; Lyndon and Battey, 1985; Bernier, 1988) , but only in very rare cases has a complete spatial and temporal description been performed, as is the case here in S. alba.
Compared to biochemical changes (Bodson and Outlaw, 1985; Pryke and Bernier, 1978) and cellular changes (Bernier et al., 1967; Havelange et al., 1974) that are first detectable in the S. alba meristem at 10-12 and 18 h, respectively, most growth changes are very late. This suggests that growth changes are consequences of earlier changes occurring at lower levels of organization. Also it appears that, among the apical growth changes, the longitudinal component (height of apical intemodes) is affected before the radial component (plastochron ratio), and the stimulation of longitudinal growth is more marked than the reduction of radial growth. Similar observations were made in tobacco (Hopkinson and Hannan, 1969) and Xanthium strumarium (Erickson and Meicenheimer, 1977) .
